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Edited by Peter BrzezinskiAbstract We investigate the eﬀects of detergent on the kinet-
ics and oligomeric state of allene oxide synthase (AOS) from
Arabidopsis thaliana (CYP74A1). We show that detergent-free
CYP74A1 is monomeric and highly water soluble with dual
speciﬁcity, but has relatively low activity. Detergent micelles
promote a 48-fold increase in kcat/Km (to 5.9 · 107 M1 s1)
with concomitant changes in the spin state equilibrium of the
haem-iron due to the binding of a single detergent micelle to
the protein monomer, which is atypical of P450 enzymes. This
mechanism is shown to be an important determinant of the sub-
strate speciﬁcity of CYP74A1. CYP74A1 may be suited for
structural resolution of the ﬁrst plant cytochrome P450 and
its 9-AOS activity and behaviour in vitro has implications for
its role in planta.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Metabolism1. Introduction
Allene oxide synthase (AOS) from Arabidopsis thaliana
(CYP74A1) [1] is a member of the cytochrome P450 subfamily
74 (CYP74) of P450 enzymes and has an important role in oxy-
lipin metabolism and signalling in plant defence [2]. CYP74 en-
zymes are non-classical P450 enzymes in that they have an
atypical reaction mechanism that requires neither oxygen nor
a NADPH-reductase [3] and consequently have extraordi-
narily high catalytic centre activities. AOS transforms fatty
acid hydroperoxides, formed from the oxygenation of polyun-
saturated fatty acids by the action of lipoxygenase (LOX), into
unstable fatty acid epoxides [4]; the mammalian equivalent of
AOS is prostaglandin endoperoxide H synthase [5]. CYP74A1Abbreviations: AOS, allene oxide synthase; c.m.c., critical micelle
concentration; CYP74, cytochrome P450 subfamily 74; Emulphogene,
polyoxyethylene 10 tridecyl ether; HPL, hydroperoxide lyase;
13-HPOTE, 13-S-hydroperoxyoctadeca-9Z,11E,15Z-trienoic acid);
13-HPODE, 13-S-hydroperoxyoctadeca-9Z,11E-dienoic acid; 9-HPO-
TE, 9-S-hydroperoxyoctadeca-10E,12Z,15Z-trienoic acid; 9-HPODE,
9-S-hydroperoxyoctadeca-10E,12Z-dienoic acid; LOX, lipoxygenase;
RZ, Reinheitszahl or purity index
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doi:10.1016/j.febslet.2006.06.075has been classiﬁed from phylogenetic analyses and in vitro en-
zyme assays, using recombinant protein expressed in Esche-
richia coli, as a 13-AOS [1,2]. Structural and kinetic analysis
of eukaryotic P450 enzymes is problematic because they are
usually membrane- or microsomal-associated, and are of
uncertain oligomeric status in relation to the active species
in vivo. All AOSs puriﬁed from plants are membrane-associ-
ated and require detergent for extraction and solubilisation.
With one exception, that of AOS puriﬁed from ﬂax seed [6],
the oligomeric state of AOS puriﬁed from a number of higher
plants, including guayule [5,7] and corn [8], and of recombi-
nant AOSs from barley [9] and tomato [10,11] has not been re-
ported, because it has proved diﬃcult to resolve the detergent
and protein interactions. Gel ﬁltration analysis of AOS puri-
ﬁed from ﬂax seed in the presence of detergent conﬁrmed that
the protein remained as a monomer of molecular mass 55 kDa
[6], which suggested that there was no association with deter-
gent micelles and that the protein was entirely water-soluble.
In the same work, however, it was reported that the speciﬁc
activity of the enzyme was enhanced 2–3-fold by detergent
[6], but the molecular mechanism responsible for this activa-
tion is unknown. The eﬀects of removing detergent (or adding
detergent to detergent-free protein) on catalytic activity and
oligomerisation have not been reported for any AOS.
There is a clear requirement for a detailed characterisation
of a plant AOS, particularly in relation to its behaviour in the
presence and absence of detergent micelles. Homology mod-
elling of plant AOSs is diﬃcult, due to very poor sequence
identity with any other P450 enzymes, so the realisation of
what would be the ﬁrst crystal structure for a plant cyto-
chrome P450 may be dependent on information relating to
the behaviour of AOS protein in solution, and the factors
aﬀecting its catalytic activity, oligomeric state and monodis-
persity. The structure of an AOS from coral has recently been
solved as a protein dimer [12], but this is the water-soluble N-
terminal domain of a naturally occurring AOS-LOX fusion
protein [13]. It is not a CYP74 enzyme, has a catalase-like
fold, and bears no similarity to any plant AOS. The use of
an in vitro system to study AOS in the presence of detergent
micelles (akin to a membrane associated state) and the
absence of detergent micelles (akin to a free cytosolic state)
is also relevant to assess the biological activity of AOS in
planta, since the localisation of AOS and other enzymes,
inhibitors, substrates and products of oxylipin metabolism
are important determinants of the oxylipin proﬁle of a plant
[2,14].blished by Elsevier B.V. All rights reserved.
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homogeneously puriﬁed detergent-free and water soluble
recombinant AOS from Arabidopsis thaliana (CYP74A1) with
relatively low catalytic activity and report its kinetic parame-
ters and other biochemical properties, including oligomeric
state. Second, we describe the eﬀects of detergent on the reac-
tivation kinetics of the detergent-free enzyme, and the associ-
ated eﬀects on oligomeric state, spin state equilibrium of the
haem-iron and substrate speciﬁcity. Finally, we propose a
mechanism for the reactivation, discuss the relationships be-
tween micelle-association and oligomeric status in deﬁning
the activity of CYP74A1 and compare them to those recently
described for CYP74C3 [15].Table 1
Kinetic parameters of CYP74A1: eﬀect of detergent
Kinetic parameter Detergent-free Reactivatedb
kcat (s
1)a
13-HPOTE 3.3 ± 0.1 528 ± 15
13-HPODE 4.2 ± 0.2 226 ± 9
9-HPOTE 3.2 ± 0.1 11 ± 1
9-HPODE 4.9 ± 0.4 12 ± 1
Km (lM)
13-HPOTE 2.8 ± 0.5 9.3 ± 1.0
13-HPODE 4.8 ± 0.7 28.0 ± 4.0
9-HPOTE 10.5 ± 1.5 58.4 ± 7.9
9-HPODE 5.9 ± 1.6 57.5 ± 7.4
kcat/Km (lM
1 s1)
13-HPOTE 1.2 58.7
13-HPODE 0.9 8.1
9-HPOTE 0.3 0.2
9-HPODE 0.8 0.2
Substrate speciﬁcity (% 13-HPOTE)
13-HPOTE 100 100
13-HPODE 75 14
9-HPOTE 25 0.3
9-HPODE 67 0.3
Error bars are the means ± S.E. of at least ﬁve determinations on two
diﬀerent enzyme preparations.
aAssuming 1 active site per monomer of molecular mass 55.3 kDa.
bWith 50 lM Emulphogene.2. Materials and methods
2.1. Cloning and expression
A full-length CYP74A1 cDNA clone (U17068) was obtained from
the Arabidopsis Biological Resource Centre (ABRC), Ohio State Uni-
versity, Columbus, OH 43210, USA and cloned into the destination
vector pDEST14 using Gateway technology (Invitrogen) according
to the manufacturer’s instructions to give the plasmid pDEST14AOS5.
The expressed protein had a 4 · His-tag at the C-terminus of the
protein but lacked the sequence encoding a 32 N-terminal amino acid
sequence (MASISTPFPISLHPKTVRSKPLKFRVLTRPIK), which
was predicted by ChloroP [16] to be a chloroplast targeting sequence;
this sequence was replaced with just an initiating ATG codon. The pro-
tein sequence encoded by the Gateway attB1 recombination sequence
was not incorporated into the expressed protein.
2.2. Extraction and puriﬁcation
Cultures (20 · 2 L conical ﬂasks each containing 1 L LB-G and
50 lg/ml ampicillin) of E. coli strain BL21(DE3) transformed with
expression plasmid were grown and induced as described for CYP74C3
[15]. Detergent-free CYP74A1 was extracted and puriﬁed using immo-
bilised metal aﬃnity chromatography and gel ﬁltration as described for
CYP74C3 [15]. The Reinheitszahl or purity index (RZ) of the ﬁnal
preparation (detergent-free) was 1.1. Detergent-free enzyme in
100 mM sodium phosphate buﬀer, pH 6.5 was concentrated using
Amicon Ultra 10 kDa molecular weight cutoﬀ centrifugal ﬁlter devices
(Millipore) to approximately 100 lM, snap frozen in liquid nitrogen in
100 ll aliquots and stored at 80 C.
2.3. Substrates and other chemicals
13-HPOTE (13-S-hydroperoxyoctadeca-9Z,11E,15Z-trienoic acid),
13-HPODE (13-S-hydroperoxyoctadeca-9Z,11E-dienoic acid), 9-
HPOTE (9-S-hydroperoxyoctadeca-10E,12Z,15Z-trienoic acid) and
9-HPODE (9-S-hydroperoxyoctadeca-10E,12Z-dienoic acid) were pur-
chased from Larodan or provided by Prof. Mats Hamberg (Karolinska
Institute, Stockholm, Sweden). They were stored in sealed vials at
20 mM in ethanol under argon at 80 C. The exact concentration
of substrate was determined using an extinction coeﬃcient at 234 nm
of 25000 M1 cm1 [17]. Polyoxyethylene 10 tridecyl ether (Emulpho-
gene) was purchased from Sigma–Aldrich. Oligonucleotides were
obtained from Invitrogen or Sigma-Genosys.
2.4. UV/Visible and EPR spectroscopy
UV/Visible spectra and steady-state kinetic analyses were per-
formed using a dual beam scanning UV/Visible spectrophotometer
(Model UV-1601, Shimadzu). EPR spectroscopy was performed on
a Bruker ELEXSYS 500 spectrometer with an ER049X SuperX
microwave bridge and a shq cavity (Bruker). Low temperature exper-
iments were performed using an Oxford Instruments ESR-900 cryo-
stat and ITC3 temperature controller. EPR spectra were simulated
using the computer programme SimFonia (Bruker). EPR spin con-
centration measurements were made by double integration and com-
parison with a copper EDTA standard under non-saturating
conditions [18]. EPR spectra were measured at 10 K and 2 mW
microwave power.2.5. Standard activity assay
The standard assay mixture (0.5 ml) contained 20 lM substrate in
100 mM sodium phosphate buﬀer, pH 6.5. The decrease in A234 was
followed for 20–60 s at 25 C and converted to moles substrate using
an extinction coeﬃcient of 25000 M1 cm1 [17]. The initial linear re-
gion of the progress curves were used to calculate rates. CYP74A1 con-
centration was determined from the haem content [19] using a
calculated extinction coeﬃcient at 391 nm for the detergent-free pro-
tein of 89000 ± 7000 M1 cm1. Protein content was estimated using
the Bradford assay [20] with bovine serum albumin as a standard.
2.6. Kinetic properties
Steady state kinetic data were collected using Shimadzu kinetics soft-
ware (version 2.7). Km and kcat for substrates and Kd for Emulphogene
were calculated by ﬁtting the data sets to a one site saturation model
for simple ligand binding using SigmaPlot 8 (Sigma-Aldrich). Kd mea-
surements were carried out in 100 mM sodium phosphate buﬀer, pH
6.5. Predicted micelle concentration (lM) was calculated using the
equation: [Micelle] = ([total detergent]  c.m.c.)/N, where aggregation
number N is the number of monomers/micelle (88 for Emulphogene
[21]). The c.m.c. of Emulphogene has been calculated as 0.125 mM (to-
tal detergent concentration) [21] equivalent to an actual micelle con-
centration of 1.25 lM. The ‘‘positive’’ data were used to estimate the
Kd for binding of an Emulphogene micelle. The concentration of
Emulphogene described in the text refers to the actual micelle concen-
tration and not the total detergent concentration.
2.7. Gel ﬁltration
The molecular mass of native CYP74A1 in 100 mM sodium phos-
phate buﬀer, pH 6.5, and in detergent-buﬀer containing 15.6 lMEmul-
phogene [15], was determined by gel ﬁltration on a calibrated Superdex
200 16/60 column. The molecular mass of unknowns was determined
from a plot of log molecular mass (y) versus Ve/Vo (x) and the data
were ﬁtted by linear regression (correlation coeﬃcient 0.988) to the
equation: y = 1.5385x + 7.4166.
2.8. Product speciﬁcity
For the analysis of AOS products, CYP74A1 (40 pmol), before and
after reactivation with 50 lM Emulphogene, was incubated with 13-
HPODE, 13-HPOTE, 9-HPODE or 9-HPOTE in 0.1 M sodium
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ﬁcation to pH 3 with acetic acid). The substrate concentrations cho-
sen were 10-fold higher than the Km according to Table 1. Product
analysis was performed by a reversed-phase HPLC/MS Surveyor
HPLC system equipped with a photo diode array detector coupled
to a LCQ Advantage electrospray ionization ion trap mass spectrom-
eter (Thermo Finnigan, San Jose, CA, USA). AOS products were
separated by a EC 250/2 Nucleodure 100-5 C18ec column
(250 · 2.1 mm, 5 lm particle size) (Macherey and Nagel, Du¨ren, Ger-
many) with a methanol:water:acetic acid (85:15:0.1, v/v/v) solvent sys-
tem at a ﬂow rate of 0.18 ml/min. For detection, the mass
spectrometer was operated in negative mode with the source voltage
set to 4 kV, and a capillary voltage of 27 V and 300 C. In full MS
mode, scans were collected between m/z values of 50 and 350. In par-
allel, the methyl esters of the AOS products were veriﬁed by GC/MS
analysis after derivatization with methoxyamine and additionally in
case of the c-ketols after silylation [22].3. Results
3.1. Biochemical properties and kinetic parameters of
detergent-free CYP74A1
DNA sequence analysis of the clone pDEST14AOS5 re-
vealed that the predicted amino acid sequence of the protein
expressed from the clone was identical to that of the original
cDNA clone, except that the N-terminal sequence, after re-
moval of the chloroplastic transit peptide, was MAS-
GSETPDLTVATRTG. Extraction of soluble His-tagged
CYP74A1 activity required the presence of detergent, and only
negligible activity was detected in its absence (data not shown).
This suggested that CYP74A1 was associated with membranes
in E. coli. The puriﬁed detergent-free CYP74A1 preparation
was homogeneous as judged by SDS–PAGE (Fig. 1). Elution
with histidine rather than imidazole, which is known to be a
potent inhibitor of AOS [23], was essential to produce an ac-
tive enzyme with the characteristic UV/Visible spectrum shown
in Fig. 1; the spectrum was not dependent on protein concen-
tration. The protein had a Soret band at 391 nm, but a signif-
icant shoulder at 413 nm and major broad features at
approximately 518, 545, 575 and 644 nm. The RZ of the puri-
ﬁed protein was 1.1, which was very similar to that ofFig. 1. UV/Visible spectrum and SDS–PAGE analysis of puriﬁed
detergent-free CYP74A1 monomer. Spectrum of detergent-free
CYP74A1 (8.2 lM) in 100 mM sodium phosphate buﬀer, pH 6.5.
Inset, SDS–PAGE analysis of the detergent-free preparation
(2.5 pmol).CYP74C3 [15] and suggested very little or no loss of haem.
The molar extinction coeﬃcient at 391 nm was calculated to
be 89000 ± 7000 M1 cm1.
A comparison of the kinetic parameters of detergent-free
CYP74A1 with the substrates 13-HPOTE, 13-HPODE, 9-
HPODE and 9-HPOTE (Table 1) shows that although the kcat
with all four substrates were very similar, the diﬀerences in Km
meant that the catalytic eﬃciency (kcat/Km) with the diﬀerent
substrates was variable, but 13-HPOTE was the preferred sub-
strate. The kcat/Km with 9-HPOTE, the least preferred sub-
strate, was only 25% of that with 13-HPOTE. The kcat/Km
with 13-HPODE and 9-HPODE was very similar at about
70% of that with 13-HPOTE.
HPLC/MS analysis conﬁrmed the production of typical 9-
and 13-AOS products in reactions of CYP74A1 (detergent-free
and after reactivation with 50 lM Emulphogene) with 9-
HPOTE (Fig. 2a), 9-HPODE (Fig. 2b) and 13-HPOTE or
13-HPODE (data not shown). These included a-ketol and c-
ketol with m/z values of 309 (substrate: 13-HPOTE or 9-
HPOTE) and 311 (substrate: 13-HPODE or 9-HPODE) and
of cyclopentenone with m/z values of 291 (13-HPOTE or 9-
HPOTE) and 293 (13-HPODE or 9-HPODE). The productsFig. 2. HPLC/MS analysis of CYP74A1 product speciﬁcity. Products
were detected by LC/MS after reaction of: (a) 9-HPOTE (584 lM) or
(b) 9-HPODE (575 lM) with CYP74A1 (40 pmol) reactivated with
50 lM Emulphogene in 0.1 M sodium phosphate buﬀer, pH 6.5 for
30 min at 37 C. The extracted ion chromatograms of the ketols (m/
z = 309/311, —–) and of the cyclopentenone (m/z = 291/293, - - -) are
shown. Identical products were detected using detergent-free
CYP74A1 (data not shown).
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hydroxy-10-oxo-12-octadecenoic acid (a-ketol), 10-oxo-13-hy-
droxy-11-octadecenoic acid (c-ketol) and the cyclopentenone
10-oxo-11-phytoenoic acid (10-OPEA). Reaction products
with 9-HPOTE are similarly conﬁrmed as 9-hydroxy-10-oxo-
12-15-octadecadienoic acid (a-ketol), 10-oxo-13-hydroxy-11-
15-octadecadienoic acid (c-ketol) and the cyclopentenone
10-oxo-11-15-phytodienoic acid (10-OPDA).Fig. 3. Reactivation of detergent-free CYP74A1 with detergent. Dose–
response curve for reactivation of detergent-free CYP74A1 with the
detergent Emulphogene. Detergent-free CYP74A1 was incubated with
an equal volume of 100 mM sodium phosphate buﬀer, pH 6.5
containing Emulphogene (0–360 lM micelle concentration) for
15 min on ice. Samples (0.63 pmol) were then assayed for AOS activity
with 20 lM 13-HPOTE (- - -). The c.m.c. of Emulphogene at 1.25 lM is
shown. Error bars are the means ± S.E. of at least six determinations
on two diﬀerent enzyme preparations. The data were ﬁtted to a one site
saturation model in Sigmaplot (—) to estimate the Kd Emulphogene of
10.7 ± 1.7 lM.3.2. Reactivation kinetics with detergent
Detergent-free CYP74A1 was fully reactivated with 50 lM
Emulphogene (Fig. 3). No reactivation was observed with
1 lM Emulphogene, which was slightly below the c.m.c.
(1.25 lM). The Kd of Emulphogene micelle to CYP74A1 was
estimated as 10.7 ± 1.7 lM (Fig. 3). With 13-HPOTE and
13-HPODE as substrates, the kcat of CYP74A1 after reactiva-
tion was increased 160- and 54-fold, respectively, than deter-
gent-free enzyme (Table 1). This eﬀect was associated with
an approximately 3- and 6-fold decrease in aﬃnity for 13-
HPOTE and 13-HPODE, respectively. The kcat/Km of deter-
gent-free CYP74A1 with 13-HPOTE and 13-HPODE was
increased 50- and 10-fold respectively after reactivation with
50 lM Emulphogene. The kcat/Km of reactivated CYP74A1
with 13-HPODE was only 14% of that with 13-HPOTE, con-
siderably lower than the corresponding ﬁgure of 75% for deter-
gent-free protein. The kinetic parameters for CYP74A1 with
9-HPODE and 9-HPOTE were indistinguishable (Table 1).
The kcat with both these substrates of only 2% of that with
the preferred substrate 13-HPOTE, coupled with a 6-foldFig. 4. Eﬀects of 13-HPOTE or detergent on the UV/Visible and EPR spec
(reactivated minus detergent-free). (b) EPR spectra shown are: (i) 100 lM rest
Emulphogene. The g values of the peaks corresponding to high and low spin
region of all spectra due to a small amount of dissolved oxygen.increase in Km, meant that the kcat/Km of reactivated CYP74A1
with 9-HPODE or 9-HPOTE was negligible, at only 0.3% of
that with the preferred substrate 13-HPOTE.trum of detergent-free CYP74A1. (a) UV/Visible diﬀerence spectrum
ing enzyme and, after reaction with (ii) 1 mM 13-HPOTE or (iii) 50 lM
haem iron are shown. *Indicates a background signal present in this
Fig. 5. Gel ﬁltration analysis of CYP74A1. Puriﬁed CYP74A1 (0.5 ml,
200 lM) in 100 mM sodium phosphate buﬀer, pH 6.5 (—) or
detergent-buﬀer containing 15.6 lM Emulphogene () was loaded
on a calibrated Superdex 200 16/60 column equilibrated and eluted at
1 ml/min with the same buﬀers. Peak positions for species with
molecular mass corresponding to the size of a protein monomer,
dimer, trimer and tetramer are shown. The activities of CYP74A1
puriﬁed in detergent-free sodium phosphate buﬀer (—) and deter-
gent-buﬀer (—) are shown.
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haem-iron
Changes in the UV/Visible spectrum were detected after
reactivation of detergent-free CYP74A1 with Emulphogene.
Addition of 50 lM Emulphogene to the detergent-free enzyme
at 8.1 lM resulted in a change in the Soret region; the shoulder
at 413 nm disappeared, an isosbestic point could be detected at
401 nm, and the absorbance at 391 nm increased (Fig. 4a), sug-
gesting a shift in equilibrium towards a high-spin state of the
haem iron. Similar changes at longer wavelengths were ob-
served; the feature at 575 nm was slightly reduced, and the fea-
tures at 518 and 644 nm were slightly increased and isosbestic
points at 460, 523 and 593 nm were detected. EPR spectros-
copy essentially conﬁrmed the results from UV/Vis spectros-
copy. The resting enzyme contained a mixture of high and
low spin ferric haem iron with g factors of 8.07, 3.51, 1.66
and 2.39, 2.24, 1.93, respectively, in the ratio of 1:7
(Fig. 4b(i)). The relative concentrations of high and low spin
haem iron were determined by comparison of the ﬁrst integral
of the low ﬁeld (g 8.07) peak of the high spin ferric species and
the ﬁrst integral of the high ﬁeld (g 1.93) peak of the low spin
ferric species with the double integral of the copper standard
spectrum using the method of Aasa and Vanngard [18]. The
addition of 1 mM 13-HPOTE to resting enzyme (100 lM) re-
sulted in almost a complete loss of high spin haem iron with
a corresponding increase in the proportion of low spin haem
iron (Fig. 4b(ii)). Overall, there was no change in total EPR
concentration, suggesting a shift from high to low spin state
of the haem iron during turnover with substrate. Addition of
50 lM Emulphogene, well above the c.m.c. (1.25 lM), to rest-
ing enzyme (100 lM) resulted in partial conversion from high
to low spin, with the ratio of high to low spin haem of 1:9.4
(Fig. 4b(iii)), and no overall change in EPR concentration.
The UV/Visible spectra and speciﬁc activities of the resting
and detergent-reactivated enzymes after EPR were indistin-
guishable from those before the analysis (data not shown).3.4. Oligomeric state of detergent-free CYP74A1
The molecular mass of His-tagged CYP74A1, based on the
protein sequence and predicted from the cDNA, was
55.3 kDa. This was consistent with the value determined for
the native protein by gel ﬁltration (relative to globular protein
standards) of molecular mass 47.2 kDa (Fig. 5). These mea-
surements indicated that detergent-free CYP74A1 was a
monomer. Almost no protein eluting at the molecular mass
of a dimer, which, if present, would have been cleanly sepa-
rated from monomer, could be detected by gel ﬁltration, and
only much smaller amounts of higher oligomers (larger than
trimers) were present (Fig. 5). All the detergent-free fractions
had negligible activity, compared to that of CYP74A1 after
reactivation with 50 lM Emulphogene (Fig. 5).3.5. Oligomeric state of CYP74A1 in the presence of detergent
Gel ﬁltration analysis of CYP74A1 in detergent-buﬀer con-
taining 15.6 lM Emulphogene [15], well above the c.m.c.
(1.25 lM), indicated that it formed almost exclusively a species
of molecular mass 110 kDa, as judged from the peak position
on a calibrated Superdex 200 16/60 column and almost all activ-
ity was found at this peak position (Fig. 5). Only trace amounts
of protein and activity were detected at peak positions corre-
sponding to the size of a trimer, tetramer or higher oligomers.4. Discussion
Allene oxide synthase (AOS) from Arabidopsis thaliana
(CYP74A1) was expressed in E. coli as an active protein with
a C-terminal 4 · His-tag, like coral AOS which also had a C-
terminal 4 · His-tag [24] and similar to that described for to-
mato AOS with a C-terminal 8 · His-tag [11]. The protein
lacked the N-terminal 32 amino acids that were identiﬁed as
the chloroplastic transit peptide but, nevertheless, remained
associated with membranes. CYP74A1 was expressed, without
the N-terminal 21 amino acids, in E. coli in another study [1],
and this protein was also associated with membranes. These
data together suggest that a sequence other than the N-termi-
nal 32 amino acids acts as a membrane-binding domain. De-
spite the diﬀerences in sequence, CYP74A1 studied in [1] and
in the present work are kinetically very similar, exhibiting
highest levels of activity with 13-HPOTE, and lower activities
with 13-HPODE. We show for the ﬁrst time, however, that
CYP74A1 has 9-AOS activity in addition to the 13-AOS pre-
viously reported and indicates that, like a recombinant tomato
AOS [11], it exhibits dual speciﬁcity. The products detected in
reactions of CYP74A1 with 9-HPODE correspond exactly to
those detected using GC–MS in similar reactions with recom-
binant tomato AOS [11]. CYP74A1 expressed in [1] was not
puriﬁed to homogeneity, and the oligomeric state was not re-
ported. Gel ﬁltration analysis has now conﬁrmed that deter-
gent-free CYP74A1 forms almost exclusively a highly water
soluble monomeric protein, which is similar to the properties
described for AOSs puriﬁed from ﬂax seed [6] and guayule rub-
ber particles [7] and for a recombinant coral AOS [24]. All
these proteins, like CYP74A1 in the present work, still re-
quired detergents for solubilisation and extraction. The eﬀects
of either the removal or addition of detergents on the oligo-
meric state of these proteins were, however, not investigated.
Gel ﬁltration analysis of homogeneously puriﬁed ﬂax seed
AOS in the presence of detergent micelles, at least, indicated
a molecular mass of 55 kDa, which suggests that this protein
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association with detergent micelles [6]. In contrast, in the pres-
ence of detergent micelles, CYP74A1 in the present work
formed a complex of 110 kDa, which corresponds exactly
to the molecular mass of a protein dimer. The absence of pro-
tein dimers in concentrated solutions of detergent-free
CYP74A1, and the fact that the average molecular mass of
an Emulphogene micelle has been reported to be 62.0 kDa
[15] would, however, suggest that this complex was more likely
an association between a protein monomer (47.2 kDa by gel
ﬁltration analysis) and a single detergent micelle (62.0 kDa).
The eﬀects of the removal or addition of detergents on the
activity of CYP74A enzymes in relation to oligomeric state
have not been investigated. Detergents have been reported to
increase the speciﬁc activity of AOS puriﬁed from ﬂax seed
[6], but the mechanism for this activation and its relationship
to oligomeric state have not been discussed. In the present
work, detergent-free CYP74A1 had low, but signiﬁcant, cata-
lytic activity. The addition of detergent micelles, but not deter-
gent monomers, to detergent-free CYP74A1, under the same
conditions that induced the formation of a monomer-micelle
complex, also caused a 48-fold increase in kcat/Km. The kcat/
Km of up to 5.9 · 107 M1 s1 with the preferred substrate
13-HPOTE is amongst the highest recorded. More recent work
has also indicated that the most active species of CYP74C3 in
the presence of detergent micelles is a monomer-micelle com-
plex and that the detergent-free monomer can similarly be
reactivated by detergent micelles [15]; indeed, it was 2.6-fold
faster than that reported for CYP74A1 in the present work.
The behaviours of CYP74C3 and CYP74A1 in the presence
of detergent micelles are, however, quite diﬀerent; CYP74C3
had a tendency, in the presence of micelles, to form a much
broader range of higher oligomers that were also highly active,
whereas CYP74A1 formed almost exclusively a monomer-mi-
celle complex, with only negligible amounts of protein forming
higher oligomers. Highly concentrated and monodispersed
samples of detergent-free CYP74A1 protein may, therefore,
be preferable for the purposes of crystallisation and structural
resolution of the ﬁrst plant cytochrome P450 enzyme. This
mechanism of activation, apparently unrelated to changes in
oligomeric state of the protein, is unusual for cytochrome
P450 enzymes. Taken together, the similar observations re-
ported for both CYP74C3 and CYP74A1 may suggest that this
is a common feature of members of the CYP74 sub-family of
P450 enzymes. Although turnover with substrate for both en-
zymes was associated with a shift from high to low spin haem
iron, the formation of a monomer-micelle complex in the ab-
sence of substrate for CYP74C3 and CYP74A1 was associated
with a shift in equilibrium towards low and high spin haem
iron, respectively. This would suggest that although the micelle
bound the two enzymes with similar aﬃnities (Kd 6.9 and
10.7 lM for CYP74C3 and CYP74A1, respectively), the con-
formational change around the haem that resulted was diﬀer-
ent and may relate to diﬀerences in hydrophobicity in the
haem environments of the two proteins. One signiﬁcant diﬀer-
ence between CYP74C3 and CYP74A1 was the eﬀect of mi-
celle binding on the subsequent aﬃnity of the complex for
the preferred substrate 13-HPOTE. The kcat of the mono-
mer-micelle complex of CYP74C3 was 8–10-fold higher, and
the Km 5–6-fold lower, than the detergent-free monomer [15].
In contrast, the kcat of the monomer-micelle complex of
CYP74A1 was 160-fold higher, and the Km was also 3-foldhigher, than the detergent-free monomer. Despite these diﬀer-
ences, however, there was a 50-fold increase in kcat/Km for
both enzymes upon micelle binding.
A comparison of the kcat/Km – the most rigorous measure of
substrate speciﬁcity – of CYP74A1 before and after reactiva-
tion with an Emulphogene micelle clearly demonstrates that
the substrate speciﬁcity of CYP74A1 was modiﬁed upon mi-
celle-binding. The large changes in the kinetic parameters of
CYP74A1 would suggest that the conformational change that
was induced in the detergent-free protein upon micelle-binding
aﬀected the interaction with substrates. That this change was
in the haem domain of the protein, and most likely where
the substrates are bound, was supported by the similar changes
detected by EPR spectroscopy in the spin state equilibrium of
the haem iron upon micelle-binding. This contrasts with
CYP74C3 where, despite similar micelle-induced changes in
the spin state equilibrium of the haem iron, and a similar Kd
for micelle-binding, the substrate speciﬁcity of detergent-free
CYP74C3 was indistinguishable from that after reactivation
with detergent micelle [15].
Compartmentalisation of the substrates and enzymes of oxy-
lipin metabolism in the plant cell is a key control mechanism
that determines the oxylipin proﬁle of a plant [2]. The new
observation in the present work of the capacity for 9-AOS
activity in Arabidopsis was unexpected but clearly of relevance
to its biological activity in planta, as is the tendency of
CYP74A1 to form a strong micelle association. Although there
is no example of a plant AOS, except for the rubber particle
protein [7], that is not targeted to the chloroplast under natural
conditions, the consequences of a change in AOS localisation
have, however, been demonstrated in transgenic plants that
were over-expressing AOS [25]; localisation of the transgenic
AOS protein in the cytosol directly eﬀected changes in both
the oxylipin proﬁle of the transgenic plants and the response
to a pest or pathogen. Although we have used an in vitro sys-
tem for studying CYP74A1, detergent micelles essentially rep-
resent an artiﬁcial membrane and the chloroplast envelope
contains a lot of phospholipids [26] that could potentially
interact with AOS. We suggest that the in planta biological
activity of AOS, at least in Arabidopsis, may be dependent
on whether the AOS protein remains associated with the chlo-
roplast membrane, or becomes dissociated and water-soluble,
either in the intermembrane space of the chloroplast or in
the cytosol. The ﬁnal location of any membrane-dissociated
AOS may well be dependent on the speciﬁcity of that AOS.
Thus, recent evidence of a 9-AOS from potato that was local-
ized to the outer membrane of the chloroplast, and apparently
not imported into the chloroplast [22], is consistent with the
production of 9-LOX products in the cytosol [2] and suggests
that dissociated 9-AOS would be cytosolic. Caution should be
exercised in the interpretation of AOS localisation using
in vitro data, however, because no cytosolic location of a 9-
AOS has been reported. In contrast, 13-AOS has been local-
ized to the inner membrane of the chloroplast [14] such that
dissociated 13-AOS would reside inside the chloroplast or pos-
sibly in the intermembrane space. The situation may be further
complicated in Arabidopsis since CYP74A1 exhibits dual spec-
iﬁcity. All these factors may change quite considerably, for
example, during an attack by a pest or pathogen where a num-
ber of diﬀerent extracellular enzymes [27] or eﬀector proteins
[28] may be secreted that are potentially able, directly or indi-
rectly, to release AOS from its membrane-bound state. The
4194 R.K. Hughes et al. / FEBS Letters 580 (2006) 4188–4194evidence from the present work would suggest that if this were
indeed the case, in addition to the likely changes in substrate
availability as a result of the pest or pathogen interaction,
there would also be a dramatic reduction in AOS activity
and a change in AOS substrate speciﬁcity that would most
likely aﬀect the oxylipin proﬁle of the plant. Our recent work
showing similar behaviour in vitro for a hydroperoxide lyase
(HPL) from Medicago truncatula [15] would suggest that some
of these considerations aﬀorded to AOS should be given also
to HPL. It remains to be determined if the eﬀects observed
in our work with AOS and HPL in vitro can account for some
of the observations to be made in planta.
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